Abstract The main objective of the present work was to reduce the higher NOx emission of a stationary engine fueled with diesel with less increase in smoke density and compare the results with that of crude rice bran oil methyl ester (CRBME). Design of experiments method was employed to design the experiments and Taguchi's L 9 orthogonal array was used to conduct the engine tests. Experiment results were analyzed by calculating multi response signal-to-noise ratio (MRSN) and the optimum combination level of factors for the chosen objective was obtained simultaneously using Taguchi's parametric design. Variance of the MRSN ratio was analyzed through analysis of variance method and the most influencing factor for the chosen objective was obtained for diesel and compared with CRBME. Confirmation experiment was conducted for the obtained optimum combination level of factors and the results were compared with normal operating conditions. Ó 2014 Production and hosting by Elsevier B.V. on behalf of Ain Shams University.
Introduction
Diesel engines emit higher NOx emission than gasoline engines due to the presence of high concentration of the local oxygen molecules [1] . Several methods were attempted to reduce the higher NOx emission of diesel engines and significant improvement was achieved [2] [3] [4] [5] [6] [7] [8] . Biodiesel, a renewable fuel which is considered as an alternative to diesel fuel has advanced significantly in the past two decades [9] [10] [11] [12] [13] [14] [15] [16] and it shows significant reduction in pollutants compared to diesel. However its NOx emission is higher than diesel since it has oxygen in its molecular structure. Along with excess air inducted during intake stroke of the diesel engine, this fuel born oxygen increases the availability of oxygen in the combustion chamber to form nitric oxide. NOx reduction of diesel engine has been attempted by many researchers by either modification of combustion process or the treatment of exhaust gases [17] . In the former method retardation of fuel injection timing, exhaust gas recirculation (EGR), fuel additives and water injection techniques are employed to prevent the NOx formation [1] while the latter method was carried out with the help of different catalysts to eliminate the NOx emission completely [18] [19] [20] [21] [22] . Only when the emission standards were not met by combustion process modification (which is also the most economical method) alone, the NOx reduction through exhaust gas treatment can be considered [17] . Researches conducted to reduce the NOx emission of diesel engine through retardation of fuel injection timing and EGR concluded that the decrease in NOx emission was achieved by increase in smoke emission and decrease in thermal efficiency. When these techniques were applied on diesel engine fueled with biodiesel and its blends similar conclusions were obtained [23] [24] [25] [26] [27] [28] [29] . It was [30] reported that for a retardation of 3°crank angle (CA) NOx emission of biodiesel reduced significantly with drastic increase in smoke emission. For the same retardation angle Tsolakis et al. achieved 16% reduction in NOx with 20% increase in smoke emission for rapeseed methyl ester. Cooled EGR has been proved to be a very effective NOx reduction technique [17] which reduces the peak flame temperature and oxygen partial pressure in the initial part of the flame and reduces the, NOx formation [31] . Earlier research work on biodiesel with 15% EGR achieved a NOx reduction of 74% with 20% increase in smoke [30] .It was also reported that increasing the EGR by more than 15% will result in increase in smoke emission and fuel consumption [26] . These results indicate that there is a need for optimized parameters to reduce the NOx emissions with less sacrifice on smoke emission and thermal efficiency.
Earlier research work by the author on optimization of NOx emission of diesel [32] used response chart and variance of NOx, smoke density and brake thermal efficiency. Attempt was also made by the author to optimize the NOx emission crude rice bran oil methyl ester (CRBME) by calculating multi response signal to noise ratio (MRSN) ratio for normalized loss function of response variables (NOx, smoke density and brake thermal efficiency) [33] . In the present work tests were conducted with diesel and the obtained optimization results were compared with that of CRBME. The various properties of CRBME and diesel compared with ASTM D 6751-07b standards are given in Table 1 .
The main objective of the work was to find an optimum combination of injection timing, percentage EGR and fuel injection pressure in reducing the NOx emission of diesel with minimal effect on smoke emission and brake thermal efficiency and to compare the obtained results with that of CRBME.
Experimental program

Taguchi design
Design of Experiments (DOE) method was employed to design the experiments to be conducted on the engine. For the formulated problem, the fuel injection timing, percentage EGR and fuel injection pressure were considered as the major factors influencing the objective. To critically examine the effects of selected factors on the chosen objective, three levels were chosen in each factor.
Selection of levels of factors
The levels of the factors were chosen based on the earlier research work conducted with those factors individually. For fuel injection timing, retarded and advanced fuel injection timing was taken as 2.5°CA. Further increase in the timing will increase the smoke emission and NOx emission for retarded and advanced timing respectively [24] . Hence for the fuel injection timing, standard injection timing, advance and retarded angle of 2.5°CA are the three levels of the factors. For EGR 0%, 10% and 15% have been chosen as the three levels of the factors. Earlier research work on stationary diesel engine with various injection pressures suggested that till 250 bar of injection pressure the performance of the engine operation was smooth [34] . Hence maximum fuel injection pressure was fixed as 250 bar and within that two more levels were chosen including the standard one. The three levels of the chosen factors are given in Table 2 .
Taguchi Orthogonal Array (OA)
In full factorial experiment, to test the three factors at three levels the number of experiments will be 3 3 = 27. In order to reduce the number of experiments to be conducted, experiments were designed by using Taguchi Orthogonal Array (OA) technique. For more than two numbers of three level factors the recommended OA is L 9 [35] which are given in Table 3 . In Table 3 column 1 indicates the levels of factor 1 (fuel injection timing), column 2 the levels of factor 2 (percentage EGR) and column 3 the levels of factor 3 (fuel injection pressure).
Experimental setup
A schematic of the experimental set-up is shown in Fig. 1 . The technical specifications of the engine used in the investigation are given in Table 4 . A swinging field electrical dynamometer was used to apply the load on the engine. The electrical dynamometer consisted of a 5-kVA AC alternator (220 V, 1500 rpm) mounted on bearings and on a rigid frame for the swinging field type loading. The output power was obtained by accurately measuring the reaction torque by a strain gauge type load cell. A water rheostat with an adjustable depth of immersion electrode was provided to dissipate the power generated.
EGR system
The schematic diagram of the cooled EGR system is shown in Fig. 1 . A piping arrangement connects the exhaust pipe and inlet air flow passage. The length of the piping arrangement was 8 m and the starting point of the arrangement in the exhaust pipe was 10 m away from the engine. This reduces the temperature of the exhaust gases approximately equal to that of the ambient air without any additional cooling arrangement. The flow rate of the exhaust gases through the pipe was controlled by a control valve. This control valve regulates the exhaust gases and the mixture of fresh air and exhaust gases were sent to the inlet manifold. The temperature of the mixture was measured by using a K type thermocouple. Pressure difference in the 'U' tube manometer was used to obtain the volume of air replaced by exhaust gases from which the percentage EGR was calculated in volume basis [29, 36] . Percentage EGR was calculated using Eq. (1) Percentage EGR ¼ volume of air without EGR À volume of air with EGR volume of air without EGR Â 100 ð1Þ
Injection timing and injection pressure
Injection timing was changed by changing the thickness of advance shim. The spring tension of the injector needle with setting screw was varied to get the different fuel injection pressure.
Testing procedure
Tests were conducted on the engine fueled with diesel with the selected factors at different levels to determine the effect on NOx emissions. The engine was operated nine times with the combinations of the different levels of the influencing factors as given in Table 3 . Two replicates were conducted for each trial and the order of the trial was selected randomly. The tests were conducted at a constant speed of 1500 rpm. In each trial, the engine was tested at various loads starting from no load to full load and at each load the responses (NOx emission in ppm, smoke concentration in mg/m 3 , mass flow rate of fuel in kg/s) were measured. NOx emission was measured with MRU 1600 exhaust gas analyzer and the smoke concentration was measured with AVL smoke meter. The technical specifications of the exhaust gas analyzer are given in Table 5 .
Error analysis
The maximum possible errors associated with various measurements and in the calculation of performance parameters were estimated by using the method proposed by Moffat [37] . From the minimum values of measured output (speed in rpm, time taken for fuel consumption in sec and torque in N-m) and the accuracy of the instrument, the maximum possible error in the calculation of brake thermal efficiency was estimated to be 0.33%. The maximum possible errors in the measurement of smoke concentration and NOx emission are ±5% as determined from the specifications of the analyzers.
Analysis of data
Obtained responses for each trial with diesel at different loading conditions were analyzed to get a result for the formulated problem.
Optimization
Multi response signal to noise ratio (MRSN) was calculated to obtain the optimum combination of factors level for the formulated problem. Three variables (NOx emission, smoke density and brake thermal efficiency) have been chosen as the response variables of the problem. The procedure employed in the optimization process is discussed below.
Loss function
Loss function is the difference between the target values of the responses and the measured value of the responses. As per the Taguchi categorization of response variables, smaller the better principle is considered to minimize the NOx emission and smoke intensity. For the brake thermal efficiency larger the better principle is considered to maximize it. For each response variable, the corresponding loss function can be expressed as given by Rose [35] . Since the measured units of the response variables were different, the loss function was normalized in the range between zero and one [35] .
Assigning weighting
In multi response optimization, the relative importance of the each response variable on the set objective, with respect to others, will be fixed by means of the weighting factor. By including the weighting factor, the total loss function (TL i ) can be expressed as given in Eq. (2)
where w i is the weighting factor for the ith response variable and m is the number of response variables. If equal importance is given to all the response variables, the weighting factors will have equal value so that the sum of weighting factors is 1. For unequal importance of response variables any combination can be chosen with sum as 1. The most influencing factor in achieving the objective for the chosen combination of the weighting factor was analyzed through Analysis of Variance (ANOVA).
The main objective of the present work was to reduce the NOx emission of diesel with minimum sacrifice on smoke emissions and brake thermal efficiency. Hence higher weightage has to be assigned to NOx emission when compared to the other two. Earlier research work on optimization process suggested 0.4(w 1 ), 0.3(w 2 ) and 0.3(w 3 ) were weighting factors for the response variables NOx, smoke density and brake thermal efficiency respectively [33] and the optimization of diesel was done with these combination of weighting factors. At this combination of weighting factor the optimum combination level of the influencing factors and the most influencing factor in achieving the objective for diesel was obtained and the same was compared with that of CRBME.
MRSN ratio
Multi response signal to noise ratio (MRSN) was calculated from the total loss function by using Eq. (3) [35] .
Optimal level of combinations for the obtained MRSN ratio was determined by following Taguchi parametric design. Variance of the MRSN ratio was analyzed through analysis of variance (ANOVA) and from the results of ANOVA, the percentage contribution of each factor and also the most influencing factor on the chosen objective at no load, part load and full load was found out.
Verification
After conducting the confirmation experiment with the optimum combination, the improvement in the response variable was verified by comparing it with the normal operating conditions. Table 6 shows the MRSN ratio for the experiments conducted with diesel and the same is compared with that of CRBME. From the table the combination which has the maximum MRSN ratio will be taken as the best combination among the nine in achieving the objective. It can be seen that that the experiment number 7 and 5 are the best combination among the nine for diesel and CRBME respectively. Taguchi parametric design was employed for this MRSN ratio to get the optimum combination of the factor levels for the chosen objective. ANOVA was employed to analyze the obtained MRSN ratio of diesel and CRBME blend. Table 7 shows the factor effects on measured response variables for diesel and compared with CRBME. The level which has the higher value when compared with other two levels is the optimum level for the each factor. It was observed that first level of injection timing, second level of percentage EGR and third level of injection pressure has higher value when compared with other levels for both diesel and CRBME and hence that levels(1-2-3) were taken as the optimum level for diesel and CRBME. Table 8 shows the results of the ANOVA of MRSN ratio of diesel and CRBME. From the table the percentage contribution (P) of all factors on the set objective can be observed. It can be seen that the fuel injection pressure is the most influencing factor on the set objective for both the fuels since its percentage contribution is higher than the other two. Fuel injection pressure influences the droplet size and the rate of fuel vaporization and hence the complete combustion. As a 1  1  1  1  2  1  2  2  3  1  3  3  4  2  1  2  5  2  2  3  6  2  3  1  7  3  1  3  8  3  2  1  9 3 3 2 result of complete combustion brake thermal efficiency will increase and smoke density will decrease. Complete combustion also increases the NOx emission. It was inferred that change of fuel injection pressure has an effect on all the response variables which shows its principal role in achieving the objective. It can also be seen that the injection pressure contributes higher percentage for CRBME when compared to diesel in achieving the objective. This is due to the higher viscosity of CRBME than petroleum diesel as indicated in Table 1 . This indicates the sensitivity of CRBME to injection pressure for better fuel atomization and change in the fuel injection pressure causes an adverse effect on the combustion of CRBME and hence on the response variables. It was observed that fuel injection timing has considerable effect on the chosen objective since its contribution is significant for both the fuels. Injection of fuel in the cylinder at a required pressure and temperature of air is depends upon the fuel injection timing which has an effect on the burned gas temperature. This change in burned gas temperature has an effect on both NOx and smoke emission. At higher temperature NOx emission is more with reduced smoke and vice versa. Reduction in peak combustion temperature reduces the availability of heat for conversion into useful work which has an effect on brake thermal efficiency. When compared with fuel injection pressure, fuel injection timing also has a considerable effect on the entire response variable and its influence on the set objective is vital as obtained through ANOVA.
Results and discussion
MRSN ratio
ANOVA
It was also observed that injection timing influenced higher percentage for CRBME when compared to diesel in achieving the objective. Oxygen present in the CRBME initiates the combustion process earlier than diesel which leads to a significant effect on both NOx and smoke emission. This effect can be reduced by modifying the fuel injection timing for CRBME and hence the influence of injection timing on the objective is more for CRBME when compared to diesel.
It can also be observed that EGR has minimum effect on the objective for both the fuels since its percentage contribution is very low when compared with the other two. EGR contributes higher percentage for diesel when compared to CRBME. Recycling a portion of exhaust gases decreases the oxygen availability in the combustion chamber during combustion. Since CRBME contains oxygen in its structure decrease in oxygen availability as a result of EGR is less which reduces its contribution on the objective. It is well known that EGR is an effective method in NOx reduction for diesel and biodiesel. However its combined effect along with injection timing and injection pressure on the objective (NOx reduction with less effect on smoke emission and brake thermal efficiency) is less as obtained through MRSN ratio and ANOVA.
It is clear from Table 8 that the error contributes significant percentage which indicates the influence of factors other than the chosen factors on the objective. These factors may include inlet temperature of air, temperature inside the engine cylinder and the availability of oxygen. These factors may influence on the combustion of the mixture and reflected on the error contribution on the objective. This percentage is higher for diesel than that of CRBME. Since CRBME contains oxygen in its structure combustion will be better when compared to diesel which reduces the influence of other factors on the combustion.
Confirmation experiment
Optimum combination level of factors obtained for diesel through MRSN ratio and Taguchi parametric design was confirmed by conducting experiments and the response variables of optimum combination have been compared with the response variables of the experiments conducted with the normal operating condition. Table 9 shows the response variables for diesel at the optimized condition by comparing the same with the variables of normal operating condition. Table 9 also compares the results of diesel with the results of CRBME at the optimized and normal operating condition. It can be seen that brake thermal efficiency decreased as a result of this combined effect for diesel while the same increased for CRBME. This increase in brake thermal efficiency for CRBME was due to the re-burning of unburnt hydrocarbons present in the EGR [27] . As a result of insufficient oxygen, the re-burning of unburnt hydrocarbons may be incomplete for diesel which reduced the thermal efficiency of the engine. Recycling a portion of exhaust gases reduces the maximum gas temperature attained in the cylinder and it decreases the NOx formation. The increase in smoke emission as a result of this reduced temperature was minimized by increased fuel injection pressure. It can be seen that percentage NOx reduction is higher for CRBME when compared to diesel and the same was achieved with less increase in smoke emission. The percentage decrease in NOx emission of CRBME obtained in the present investigation was comparable with that of earlier results obtained with retarded fuel injection alone and the percentage increase in smoke density of CRBME was very much lower than the earlier results obtained with retarded fuel injection and EGR individually [29, 30] .
Conclusion
In the present work the optimum combination of injection timing, percentage EGR and fuel injection pressure in reducing the NOx emission was arrived for diesel by calculating MRSN ratio and the obtained MRSN ratio was analyzed through ANOVA method and compared with CRBME. From the results of the ANOVA and factor effects the following conclusions are drawn.
i. Fuel injection pressure is the most influencing factor for both diesel and CRBME in reducing NOx emission with minimum increase in smoke density and thermal efficiency. ii. Percentage contribution of injection pressure on the objective is higher for CRBME than diesel. iii. Fuel injection timing has significant influence on the objective next to the fuel injection pressure and it influences more for CRBME when compared to diesel. iv. Percentage EGR has lesser effect on the set objective for both the fuels however it contributes more for diesel than CRBME. v. Influence of factors other than the injection timing, EGR and injection pressure is more for diesel than CRBME. vi. Standard injection timing with 10% EGR with 240-250 bar injection pressure will be the optimum combination for diesel and CRBME for the reduction of NOx emission with less effect on smoke intensity and brake thermal efficiency. 
